RESULTS
Initial rate of the ATP-ADP exchange reaction. Phosphoryl transferase at stage D of purity catalyzed an exchange between ADP and ATP (Fig. 1) . In agreement with previously published data (10) on less purified phosphoryl transferase, the rate diminished with time during the initial stage of the reaction; thereafter the decline in activity was small. Both the initial (extrapolated) and final rates of exchange catalyzed by transferase at the stage D level of purity were greater per mg of protein than the rates catalyzed by the less pure enzyme (stage C) (10) The initial rate of the reaction varied between 8 and 12 Fmoles X min-' X rng-' protein depending upon the particular preparation of stage D transferase being The concentrations of components in the ATP-ADP exchange assay are given in the legend of Fig. 1 . The final volume of the assay mixture was 0.75 ml. The reaction was terminated after 10 minutes at 30" by the addition of 0.2 ml of 0.5 M EDTA. Adenylate kinase activity was assayed spectrophotometrically according to Chappell and Crofts (17) as described in the legend of Fig.  2 Adenylate kinme and ATP-ADP exchange. Preparations of phosphoryl transferase at the level of purity of stage C contained adenylate kinase (EC 2.7.4.3, ATP : AMP phosphotransferase) activity, although such activity was low under the particular assay conditions employed (10).
In an effort to assess the participation of adenylate kinase in the exchange activity manifested by preparations of phosphoryl transferase we compared the ADP-ATP exchange reaction and the adenylate kinase reaction (transfer of a phosphoryl group from one molecule of ADP to another molecule of ADP) with a transferase preparation at the highest purity level, i.e. the preparation of the transferase after The exchange reaction was assayed as described in the legend of Fig. 3 except that 30 pg of phosphoryl transferase at stage I) was used as enzyme. ATP and compounds tested as potential phosphoryl donors were at a final concentration of 6 pmoles per 0.65 ml. Reaction proceeded for 10 millutes at 30". chromatography on polyacrylamide gel P-200. Although a small amount of adenylate kinase activity was observed in the active fraction, the elution pattern suggested that the protein peak which carried the highest exchange activity was not the peak which corresponded to the adenylate kinase activity (Fig. 2) . The lack of coincidence in the elution patterns of the two enzymic activities made it unlikely that the ATD-ADP exchange activity in preparations of phosphoryl transferase coul4 be entirely a reflection of the presence in the preparation of adenylate kinase.
In order to ensure that the assay used to measure adenylate kinase activity in the fraction in which the specific ATP-ADP exchange activity reached a peak was sufficiently sensitive, both enzymic activities were measured with adenylate kinase under conditions identical with those described in the legend of Fig. 2 ( Table I ). The kinase tested was isolated from rabbit muscle (purchased from C. F. Boehringer and Sons). The ratio of exchange activity to kinase activity was very much greater for the transferase than for the authentic kinase under essentially identical assay conditions (c.f. Fig. 2 ). These data, together with the difference in elution patterns between the two enzymic activities (Fig. 2 ) make it unlikely that the exchange activity of phosphoryl transferase is due to contamination by adenylate kinase.
ATP:ADP ratio and the rate of exchange. Variation in the ratio of [ATP]:
[ADP] had a profound effect on the rate of the ATP-ADP exchange reaction catalyzed by phosphoryl transferase (Fig. 3) . In confirmation of previously published data (10) for phosphoryl transferase preparations of lower purity, as well as for a highly purified ATD-ADP exchange enzyme from beef liver mitochondria (18), the exchange activity of the purified transferase was found to be increased as the [ mitochondria the optimal ratio appeared to be 8; for the beef liver exchange enzyme of Wadkins and Glaze approximately 2 (18). A ratio of 10 has been employed in the experiments reported herein. Divalent ions and the ATP-ADP exchange reaction. It had been reported previously (10) that the ATP-ADP exchange reaction catalyzed by phosphoryl transferase (stage C) showed little specificity for the divalent metal ion requirement. A comparable low order of specificity for the divalent metal ion was found to apply to the exchange reaction catalyzed by the more purified transferase (Table II) , The metal ions were tested at a concentration which had been shown to be optimal for I%++, i.e. 5 mM. All of the ions tested, with the exception of Cu", showed some ability to support the reaction. Mg+-was the most effective of the divalent ions tested.
Nucleotide specificity of the exchange reaction. It was of interest to study the ability of phosphoryl transferase to catalyze the transfer of a phosphoryl group from various phosphoryl donors to ADP (Table III) . Once again, as in the case of the requirement for divalent metal ions, the specificity for the phosphoryl donor The reaction was assayed as described in the legend for Fig. 3 . Each assay tube contained 0.6 pmole ADP and 6 mnoles ATP. (Table IV) . Uncouplers, such as DNP, FrrCCP, and Cl-CCP, were without significant effect on the rate of the ATP-ADP exchange reaction. Compounds which would be expected to interact with disulfide bonds and sulfhydryl groups, such as AgNO?, HgCL, and cysteine, were also without effect. Arsenate, which might be expected to interfere with the exchange reaction if inorganic orthophosphate participated in the reaction, did not affect the reaction significantly.
The nonparticipation of Pi in the reaction was indicated also by the lack of effect of P, on the reaction. It might be noted that in an experiment in which "P, was included in the reaction medium, and in which ADP was added without radioactive label, no radioactivity was found in any of the nucleotide fractions, again indicating that the reacting species in the exchange reaction were not in equilibrium with Pi . Two inhibitors of oxidative phosphorylation, oligomycin and atractyloside, were also without significant effect on the rate of the exchange reaction catalyzed by the transferase.
It was thought of interest to study the possible effect of a member of the electron transfer chain on the rate of the ATP-ADP exchange reaction in order to ascertain whether any interaction could take place which might be reflected on the rate of the reaction. Neither oxidized nor reduced coenzyme Q,,, in the presence or the absence of phospholipid, significantly affected the rate of the reaction.
Hydroxy ylamine and ATP-ADP exchange. Hydroxylamine has been reported to inhibit the transfer of a phosphoryl group from transferase to ADP (6). Since it appears likely that both the transfer of a phosphoryl group to ADP and the ATP-ADP exchange reaction are catalyzed by the same protein, the effect of hydroxylamine on the rate of the ATP-ADP exchange reaction was studied (Fig. 4) Assay of the phosphor-$ transferase preparation for other enzymic reactions. A series of experiments was undertaken to test the possibility that the ATP-ADP exchange reaction catalyzed by purified preparations of phosphoryl transferase was, in fact, attributable to a protein other than the one responsible for the major elution peak from DEAE-cellulose and the polyacrylamide gel P-200. Evidence has been presented above (Fig. 2 ) that adenylate kinase was not a contamination responsible for the ATP-ADP exchange. In conjunction with Dr. Gottfried Schatz, phosphoryl transferase had been shown to be incapable of catalyzing the hydrolysis of ATP (2) . The enzymic activities tested for in purified preparations of the transferase are listed in Table V . None were catalyzed to any measurable extent by the transferase preparations.
Effect of inhibitor protein on ATP-ADP exchange.
Previous experiments had shown that in the final step in the purification of phosphoryl transferase, i.e. chromatography on polyacrylamide gel P-200, a protein was separated from phosphoryl transferase which inhibited the increase in P: 0 ratio of submitochondrial particles induced by addition of phosphoryl transferase (2) . In order to study the inhibition phenomenon in greater detail the effect of the I-protein on the ATP-ADP exchange reaction catalyzed by stage D phosphoryl transferase was determined ATP-ADP EXCHANGE AND PHOSPHORYL TRANSFERASE 51 at various concentrations of the I-protein (Fig. 5) . Half maximal inhibition in the experiment depicted in Fig. 5 was obtained with 5 pg of I-protein. The weight ratio of phosphoryl transferase to I-protein was 40 at the point of half maximal inhibition. Complete inhibition of the exchange reaction was not achieved even when the concentration of I-protein was further increased by a factor of 13.
DISCUSSION
The results of the above study indicate that phosphoryl transferase catalyzes reversibly the transfer of a phosphoryl group from ATP to ADP, a reaction commonly referred to as an ATP-ADP exchange. The rate of the reaction diminished rapidly with time; this decay in rate parallels that reported for an exchange enzyme from liver mitochondria (25) . The rate of the exchange reaction was affected by the molar ratio of ATP: ADP. Inhibitors of oxidative phosphorylation and of electron transfer and uncouplers of oxidative phosphorylation had no influence on the exchange reaction. However, hydroxylamine to a small degree and the I-protein to a high degree inhibited the activity of the transferase. The inhibitory action of hydroxylamine might suggest the involvement of a carboxy1 group of the enzyme in the transferase activity. We have previously reported (5, 6) the sensitivity to hydroxylamine of the transfer of a phosphoryl group from the transferase to ADP. The inhibition of the exchange reaction by a protein derived from beef heart mitochondria (I-protein) may have relevance to a physiological
